For systemic injection of cationic liposome/plasmid DNA (pDNA) complexes (cationic lipoplexes), polyethylene glycol (PEG)-modification (PEGylation) of lipoplexes can enhance their systemic stability. In this study, we examined whether intravenous injection of PEGylated cationic lipoplexes into tumor-bearing mice could deliver pDNA into tumor tissues and induce transgene expression. PEGylation of cationic liposomes could prevent their agglutination with erythrocytes. However, when PEGylated cationic lipoplexes were injected intravenously into tumor-bearing mice, they accumulated in tumor vascular vessels and did not exhibit transgene expression in tumors with both poor and well-developed vascularization. Furthermore, PEGylated cationic lipoplexes of CpGfree pDNA could not increase transgene expression in tumors after intravenous injection. These results suggested that PEGylation could not extravasate cationic lipoplexes from vascular vessels in tumors and abolished transgene expression although it enhanced the systemic stability of cationic lipoplexes by avoiding interactions with blood components such as erythrocytes. Successful delivery of pDNA to tumors by PEGylated cationic liposomes will require a rational strategy and the design of liposomal delivery systems to overcome the issue associated with the use of PEG.
cancer [1] . Cationic liposomes are one of the non-viral vectors for cancer gene delivery [2] . Among cationic liposomes, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)/cholesterol (Chol) [3] [4], 1,2-di-O-octadecenyl-3-trimethylammonium propane chloride (DOTMA)/Chol [4] [5] and dimethyldioctadecylammonium bromide (DDAB)/Chol liposomes [6] , have often been used for the transduction of plasmid DNA in vivo. In systemic cancer gene therapy, a therapeutic gene must be delivered efficiently to tumor tissues; however, the positive charge of cationic liposome/plasmid DNA (pDNA) complexes (lipoplexes) leads to interactions with albumin and other serum proteins when injected intravenously. It has been reported that cationic lipoplexes induced gene expression mostly in the lung after intravenous injection [4] . The reason for accumulation of lipoplexes in the lung was agglutination caused by electrostatic interactions between positively charged lipoplexes and negatively charged erythrocytes [7] . The agglutinates contributed to high entrapment of lipoplexes in the highly extended lung capillaries and induced expression predominantly in lung [8] . Therefore, to improve the delivery of cationic lipoplexes to tumors by intravenous administration, the lipoplexes must be stabilized in the blood by avoiding agglutination with blood components.
In systemic injection of cationic lipoplexes, modification of the liposomes with polyethylene glycol (PEG) in the formulation has been reported to enhance systemic stability [9] . PEG modification (PEGylation) on the surface of cationic lipoplexes (PEGylated lipoplexes) can decrease accumulation in the lung and increase accumulation in tumors by avoiding association with blood components. Furthermore, Smrekar et al. reported that gene expression in tumors after intravenous injection of polyethylenimine (PEI)/pDNA complex (PEI polyplex) was critically dependent on the vascularization of the tumor with not only the number and size but also the type of blood vessels [10] . They found that PEI polyplexes could lead to high gene expression in well vascularized tumors, but poorly vascularized tumors showed low gene expression when injected intravenously into tumor-bearing mice. Therefore, in this study, we examined whether PEGylated DOTAP/Chol lipoplex could deliver pDNA into well or poorly vascularized tumors and induce gene expression.
Materials and Methods

Materials
1,2-Dioleoyl-3-trimethylammonium-propane methyl sulfate salt (DOTAP) was obtained from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Lissamine TM rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (rhodamine-DHPE) was purchased from Invitrogen Co. (Carlsbad, CA, USA). Methoxy-poly(ethyleneglycol)-distearylphosphatidylethanolamine (PEG 2000 -DSPE, PEG mean molecular weight, 2000) was obtained from NOF Co. Ltd. (Tokyo, Japan). Generation 5 of poly(amidoamine) dendrimer with ethylenediamine core (PAMAM dendrimer G5) was purchased from Sigma-Aldrich (MO, USA). All other chemicals were of the finest grade available.
Cell Culture
Murine colon adenocarcinoma Colon 26, murine sarcoma S180, and murine Lewis lung carcinoma LLC cells were obtained from the Cell Resource Center for Biomedical Research, Tohoku University (Miyagi, Japan). Murine neuroblastoma Neuro2a were obtained from the European Collection of Cell Cultures (ECACC, Wiltshire, U.K.). Murine lung carcinoma M109 cells were obtained from Division Chemotherapy (Translational Research Center), Chiba Cancer Center (Chiba, Japan).
Colon 26, S180, and LLC cells were cultured in RPMI-1640 medium with 10% heat-inactivated fetal bovine serum (FBS) and kanamycin (100 μg/mL) in a humidified atmosphere containing 5% CO 2 at 37˚C. Neuro2a cells were grown in EMEM culture medium supplemented with 10% heat-inactivated FBS and kanamycin (100 μg/mL) at 37˚C in a 5% CO 2 humidified atmosphere. M109 cells were subcultured by employing the biogenic system of BALB/c mice (8 weeks of age; Sankyo Lab. Service Corp., Tokyo, Japan).
Tumor Model
All animal experiments were performed with approval from the Institutional Animal Care and Use Committee of Hoshi University. For generation of Colon 26 and M109 tumors, 1 × 10 6 cells suspended in 100 μL of phosphate-buffered saline (PBS) were inoculated subcutaneously into the flank of female BALB/c mice (8 weeks of age; Sankyo Lab. Service Corp.), for generation of LLC tumors, into the flank of female C57BL/6Cr mice (8 weeks of age; Sankyo Lab. Service Corp.), for generation of Neuro2a tumors, into the flank of female A/J Jms Slc mice (8 weeks of age; Sankyo Lab. Service Corp.), and for generation of S180 tumors, into the flank of female ddY mice (8 weeks of age; Sankyo Lab. Service Corp.). The tumor volume was calculated using the following formula: tumor volume = 0.5 × a × b 2 , where a and b are the larger and smaller diameters, respectively.
Immunohistochemical Analysis
To examine the vascular structure in Colon 26, LLC, M109, Neuro2a, and S180 tumors, their tumors were frozen on dry ice and sliced at 16 μm. Their sections were incubated with rat anti-mouse CD31 (PECAM-1) monoclonal antibody (Clone MEC 13.3, BD Pharmingen, San Diego, CA, USA) for the detection of mouse endothelial cells, and subsequently incubated with goat anti-rat IgG conjugated to Alexa Fluor 488 (Invitrogen) as a secondary antibody. In the detection of mouse pericytes, the sections were further incubated with Cy3-conjugated rabbit anti-smooth muscle α-actin (α-SMA) antibody (Sigma-Aldrich). Immunofluorescence was examined microscopically using an ECLIPSE TS100-F microscope (Nikon, Tokyo, Japan).
Preparation of Plasmid DNA
The plasmid pCMV-luc encoding the firefly luciferase gene under the control of the cytomegalovirus (CMV) promoter was constructed as described previously [11] . The plasmid pCpG-free-Luc encoding the firefly luciferase gene under the control of human elongation factor 1 alpha promoter and mouse CMV enhancer was constructed as described previously [12] . pCpG-free-Luc has no CpG motif in the sequence of pDNA; in contrast, pCMV-Luc has CpG motifs. A protein-free preparation of the pDNA was purified after alkaline lysis using an EndoFree Plasmid Max Kit (Qiagen, Hilden, Germany).
Preparation of Liposomes, Lipoplexes, and Polyplexes
Cationic liposomes were prepared from DOTAP: Chol at a molar ratio of 1:1 by a dry-film method [12] . Briefly, all lipids were dissolved in chloroform, which was removed by evaporation. For preparation of rhodamine-labeled cationic liposomes, rhodamine-DHPE was incorporated into the liposomal formulation at 1 mol% in the total lipid. The thin film was hydrated with water at 60˚C by vortex mixing and sonication. The particle size distributions and ζ-potentials were determined by the dynamic light scattering method (ELS-Z2; Otsuka Electronics, Osaka, Japan) at 25˚C after diluting the dispersion to an appropriate volume with water. Size and ζ-potential of cationic liposomes were 70 nm and +47 mV, respectively.
Cationic liposome/pDNA complexes (cationic lipoplexes) was prepared by mixing pDNA with liposomes at a charge ratio (+:−) of 4:1 with gentle shaking and standing for 15 min at room temperature. For modification of the surface of the lipoplexes by PEG-lipid, the lipoplexes were further incubated with PEG 2000 -DSPE at 5 mol% in the total lipid at 50˚C for 15 min, and the resulting formulation was allowed to cool to room temperature. Size and ζ-potential of the lipoplexes after PEGylation were 125 nm and +33 mV, respectively.
PAMAM dendrimer G5/pDNA complex (PAMAM polyplexes) were prepared by mixing PAMAM dendrimer G5 with pDNA at a charge ratio (+:−) of 2:1 as reported previously [13] . Size and ζ-potential of PAMAM polyplexes were about 110 nm and +25 mV, respectively.
For preparation of anionic liposomes, the liposomes were prepared from hydrogenated soybean phosphatidylcholine (HSPC):Chol:rhodamine-DHPE at a molar ratio of 55:45:1 by a dry-film method. Briefly, all lipids were dissolved in chloroform, which was removed by evaporation. The thin film was hydrated with PBS by vortex mixing and sonication. For modification of the surface of the liposomes by PEG-lipid, the liposomes were further incubated with PEG 2000 -DSPE at 5 mol% in the total lipid at 60˚C for 60 min, and the resulting formulation was allowed to cool to room temperature. Size and ζ-potential of PEGylated anionic liposomes were 140 nm and −40 mV, respectively.
Luciferase Activity in Vitro
Colon 26, LLC, Neuro2a, and S180 cells were prepared by plating cells in a 6-well plate 24 h prior to each experiment. Cationic lipoplexes with 2 μg of pCMV-luc were transfected into the cells for 24 h. Lipofectamine 2000 lipoplexes (Invitrogen) were transfected in accordance with the manufacturer's protocol. Twenty-four hours after transfection, luciferase activity was measured as counts per second (cps)/μg protein using the lucife-rase assay system (PicaGene, Toyo Ink Mfg. Co. Ltd., Tokyo, Japan) and bicinchoninic acid (BCA) reagent as reported previously [14] .
Agglutination Assay
Agglutination assays were performed in accordance with the method described in a previous report [15] . Erythrocytes were collected from mouse blood at 4˚C by centrifugation at 300 g for 3 min and resuspended in PBS as a 2% (v/v) stock suspension of erythrocytes. The cationic liposomes were added to 100 μL of erythrocyte suspension and then incubated for 15 min at 37˚C. The sample was placed on a glass plate and agglutination was observed using a microscope.
Biodistribution of PEGylated Lipoplexes and PEGylated Liposomes in Tumor-Bearing Mice
When the average volume of the tumors reached 100 -200 mm 3 , rhodamine-labeled cationic lipoplexes with 50 μg of pCMV-Luc were administered intravenously via the lateral tail vein into mice. One hour after injection, fluorescent DNA-binding dye Hoechst 33,342 was injected intravenously at 25 mg/kg for detection of tumor vessels with blood flow, and mice were sacrificed 1 min after the injection. For investigation of biodistribution of PEGylated anionic liposomes, rhodamine-labeled liposomes were administered intravenously via the lateral tail vein into mice. Twenty-four hours after injection, Hoechst 33,342 was injected at 25 mg/kg, and mice were sacrificed 1 min after the injection. The tumors were frozen on dry ice and sliced at 16 μm. The localizations of rhodamine-labeled lipoplexes and Hoechst 33,342 were examined using an Eclipse TS100-F microscope (Nikon, Tokyo, Japan) as described previously [16] .
Transfection Activity in Vivo
When the average volume of the tumors reached 100 -200 mm 3 , cationic lipoplexes with 50 μg of pCMV-Luc or pCpG-free-Luc were administered intravenously via the lateral tail vein into Colon 26, LLC, M109, Neuro2a, and S180 tumor-bearing mice. At 24 h post-injection, mice were sacrificed by cervical dislocation, and tissues and tumors were removed for analysis. Three microliters of ice-cold reporter lysis buffer (Promega Co., WI, USA) per 1 mg of tissues or tumors was added, and then homogenized immediately. The homogenate samples were centrifuged at 15,000 rpm for 3 min at 4˚C. Aliquots of 10 μL of the supernatants were mixed with 50 μL luciferase assay system (PicaGene) and counts per second (cps) were measured using a chemoluminometer (Wallac ARVO SX 1420 multilabel counter; Perkin Elmer Life Science, Japan). The protein concentration of the supernatants was determined using a BCA protein assay (Microplate BCA Protein Assay Kit-Reducing Agent Compatible; Pierce, Rockford, IL, USA) with bovine serum albumin as the standard, and luciferase activity was calculated as cps/mg protein.
Results and Discussion
Vascular Structure of Subcutaneous Tumors
Most solid tumors have blood vessels with a defective architecture, such as large gaps between endothelial cells and lack of smooth muscle layers, so that macromolecules such as liposomes will have the opportunity to escape from tumor blood vessels and accumulate selectively in tumor tissues (enhanced permeability and retention [EPR] effect). Therefore, utilization of the EPR effect is an effective strategy for delivery of liposomes to the site of a tumor. However, tumor microenvironments including vascularity, permeability, or blood flow are different among different types of tumors [10] .
First, we investigated the morphological differences among subcutaneously implanted Colon 26, LLC, M109, Neuro2a, and S180 tumors. Major morphological differences were found between the different tumor models at macroscopic levels. M109 and Neuro2a tumors showed an intense red color and blood-filled areas, indicating well developed vascularization (Figure 1(a) ). In contrast, the macroscopic view of dissected LLC, Colon 26, and S180 tumors showed a white or pale color, indicating poor vascularization.
Next, we characterized the vascular structure of tumors by immunohistochemical analysis. Examination of Neuro 2a and S180 tumor sections showed that large open vessels were well covered with α-SMA-positive pericytes, but narrow vessels were not (Figure 1(b) ), indicating that the vasculature of Neuro 2a and S180 tumors 
In Vitro Transfection Efficiency
Long circulating liposomes of 100 -200 nm in size accumulate efficiency in tumors by the EPR effect (passive targeting) [17] . In general, PEGylation of neutral liposomes with approximately 5 mol% PEG-lipid in the total lipid allowed long-term circulation of liposomes in the blood after intravenous administration [18] . Therefore, we prepared PEGylated cationic lipoplexes of pCMV-luc with 5 mol% PEG-lipid, and investigated whether PEGylated cationic lipoplexes could be taken up by tumor cells and induce luciferase expression at 24 h after transfection. However, PEGylation reduced luciferase expression by cationic lipoplexes in Colon 26, LLC, Neuro2a, and S180 cells (Figure 2) . These results indicated that PEG coating of the liposomes inhibited the interaction of cationic lipoplexes with tumor cells, and reduced transgene expression. This reduced transgene expression by lipoplexes with PEG are referred to as the PEG dilemma [19] .
Interaction with Erythrocytes
To investigate whether PEG coatings of cationic liposomes could prevent agglutination with erythrocytes, we observed the agglutination of PEGylated cationic liposomes with erythrocytes by microscopy. PEGylated cationic liposomes showed no agglutination, although cationic liposomes did (Figure 3) , indicating that PEG coating on the surface sterically hindered the interaction of erythrocytes with the liposomes.
Luciferase Expression in Vivo in Various Tumor Models
Next, we evaluated the transfection efficiency into mice bearing Colon 26, LLC, M109, Neuro2a, and S180 tumors by assaying luciferase activity 24 h after injection of PEGylated cationic lipoplexes with pCMV-luc. As a result, PEGylated cationic lipoplexes did not exhibit high luciferase activity in any organs, including tumors (Figure 4) . A significant difference in luciferase expression levels in tumors was not observed among the tumor models. This finding indicated that PEGylated cationic lipoplexes could not induce transgene expression even in tumors with well-developed vascularization. 
Tumor Distribution of PEGylated Cationic Lipoplexes and PEGylated Anionic Liposomes
PEGylated cationic lipoplexes are rapidly eliminated from blood circulation after intravenous administration [9] . To investigate whether PEGylated cationic lipoplexes could deliver into tumor tissues after intravenous injection, we examined localization of rhodamine-labeled PEGylated cationic lipoplexes in tumor by fluorescence microscopy at 1 h after intravenous injection into mice bearing Colon 26, LLC, M109, Neuro2a, and S180 tumors ( Figure 5) . As a result, PEGylated cationic lipoplexes accumulated mainly in the tumor vasculature, indicating that the partially unshielded surface charge of PEGylated cationic lipoplexes might be sufficient to bind to negatively charged tumor vessels [20] although PEGylation of cationic liposomes could abolish interactions with blood components in the circulation. PEGylation of conventional liposomes has been proved to successfully stabilize these particles and to increase their blood circulation time and passive tumor delivery. Stealth liposomes, which have neutral or negative charge on the surface, are used to deliver doxorubicin efficiency to tumors, and have longer circulating half-life in blood than PEGylated cationic lipoplexes. Therefore, to examine the effect of surface charge of liposomes on distribution in tumor, we prepared rhodamine-labeled PEGylated anionic liposomes, and examined the localization of PEGylated anionic liposomes in tumors at 24 h after intravenous injection into tumor-bearing mice ( Figure 6) . As a result, in Neuro2a and M109 tumors, a large number of PEGylated anionic liposomes were obviously extravasated out of the vascular vessels. In contrast, in Colon 26, LLC, and S180 tumors, most of the liposomes were localized within vascular vessels, but some were observed out of the vascular vessels. These findings suggested that PEGylated anionic liposomes could be efficiently delivered to the tumor cells through vascular vessels in M109 and Neuro2a tumors with well-developed vascularization but not in LLC, Colon26, and S180 tumor with poor vascularization. Therefore, to deliver pDNA efficiently into well-vascularized tumors by intravenous injection of lipoplexes, the surface charge of lipoplexes might need to change from positive to negative. These results were consistent with previous reports that cationic liposomes accumulated extensively in tumor vessels [20] [21].
Luciferase Expression in Vivo by PEGylated Lipoplexes with CpG-Free Plasmid DNA
Bacterial DNA and bacterially derived plasmid DNA have CpG dinucleotides with unmethylated cytosine, which have been identified to be major contributors to the low level and brief transgene expression in vertebrates after non-viral gene delivery [22] . Unmethylated CpG motifs within plasmid DNA are recognized as a pathogen-associated molecular pattern upon acidification of endosomes by the toll-like receptor 9 (TLR-9), which is present at the endosomal membrane [23] . This recognition results in the production of pro-inflammatory cytokines [24] , which reduce transgene expression in mice after injection of pDNA with cationic liposomes [25] . CpG motif free plasmid DNA can lead to prolong transgene expression levels in tumors but also other organs such as the lung and liver [26] . Therefore, we compared the transfection efficiencies into mice bearing LLC tumors by assaying luciferase activity 24 h after injections of cationic lipoplexes with pCMV-luc (pDNA with CpG motif) and pCpG-free-Luc (pDNA without CpG motifs), respectively. As a result, cationic lipoplexes with pCpG-free-Luc showed higher luciferase activities in LLC tumors and lung than those with pCMV-Luc ( Figure  7(a) ). However, PEGylated cationic lipoplexes with pCpG-free-Luc exhibited low luciferase activities in LLC and Neuro2a tumors, compared with cationic lipoplexes without PEGylation (Figure 7(b) and Figure 7(c) ).
Navarro et al. reported that PAMAM dendrimer/CpG-free plasmid DNA polyplexes could induce transgene expression in Neuro2a tumor after intravenous injection [13] . Therefore, we confirmed whether injection of PAMAM dendrimer/pCpC-free-Luc polyplexes could induce luciferase activity in tumors. As a result, PAMAM polyplexes showed relatively high luciferase activity in both Neuro2a and LLC tumors (Figure 7(d) ), indicating that PAMAM polyplexes might be more suitable for transgene expression in tumors compared with PEGylated cationic lipoplexes.
Many studies have focused on elucidating the optimal concentration of PEG-lipid that should incorporated in the liposomal membrane to provide liposomes with long circulating characteristics. Gjetting et al. reported that 10% PEGylation of DOTAP/Chol lipoplexes reduced retention in lung and heart of mice compared with non-PEGylated lipoplexes, although transgene expression by the lipoplexes was lost upon increasing the degree of PEGylation [9] . Levchenko et al. demonstrated that PEG concentrations of ≥6 mol% shield the electronic surface potential of cationic liposomes [28] . In this study, we showed that cationic lipoplexes modified with 5 mol% PEG 2000 -DSPE could not induce transgene expression even in tumors with well-developed vascularization. Furthermore, in a preliminary study, we found that modification of cationic lipoplexes with 2 mol% PEG 2000 -DSPE or PEG 350 -DSPE did not also induce high transgene expression in any organs when the lipoplexes were intravenously injected into Colon 26 tumor-bearing mice (data not shown). Therefore, in pDNA delivery with PEGylated lipoplexes, the strategies for removing the PEG moiety from PEGylated cationic lipoplexes at the Figure 7 . Effect of CpG motifs in plasmid DNA (pDNA) on gene expression in tumors at 24 h after intravenous administration of cationic lipoplexes or polyplexes into mice bearing LLC or Neuro2a tumors. In A, cationic lipoplexes with 50 μg of pCMV-Luc or pCpG-free-Luc were administered intravenously into LLC tumor-bearing mice. In B, cationic lipoplexes with 50 μg of pCpG-free-Luc were administered intravenously into LLC or Neuro2a tumor-bearing mice. In C, PEGylated cationic lipoplexes with 50 μg of pCpG-free-Luc were administered intravenously into LLC or Neuro2a tumor-bearing mice. In D, PAMAM polyplexes with 50 μg of pCpG-free-Luc were administered intravenously into LLC or Neuro2a tumor-bearing mice. Each column represents the mean ± S.D. (n = 3). Data of luciferase activity by pCpG-free-Luc in LLC tumor-bearing mice in Figure 7 (a) and Figure 7 (b) were used from reference [27] , and data of luciferase activity by pCpG-free-Luc in Neuro2a-tumor bearing mice in Figure 7 (c) was used from reference [12] .
tumor in response to the tumor environment, such as low pH and enzymes expressed in tumors (tumor-specific cleavable PEG system), might improve tumor uptake and transgene expression after intravenous injection of PEGylated lipoplexes.
Conclusion
PEGylated DOTAP/Chol lipoplexes after intravenous injection accumulated in tumor vascular vessels and did not induce expression in tumors with good or poor vascularization. Furthermore, PEGylated cationic lipoplexes with CpG-free pDNA could not improve transgene expression in tumors. Successful gene delivery to tumors will require a rational strategy and the design of a liposomal delivery system to overcome the issues associated with the use of PEG. Further improvement of the formulation of cationic liposomes might be required to obtain better transfection in vivo.
